We divide the cross section for a meson-meson reaction into three parts. The first part is for the quark-interchange process, the second for quark-antiquark annihilation processes and the third for resonant processes. 
Introduction
Deconfined matter with high temperature and high density is the focus of studies in ultrarelativistic heavy-ion collisions and its confirmation is well known to be related to final-state observables. But hadronic observables are affected by hadronic matter that succeeds deconfined matter and measurements on dileptons and photons suffer from a background that comes from hadronic matter. In order to clearly identify deconfined matter from hadronic observables and electromagnetic probes, one has to subtract any influence of hadronic matter. This forces us to pursue a precise description of hadronic matter. In addition, a complete knowledge of ultrarelativistic heavy-ion collisions also requires understanding of the evolution of hadronic matter.
Transport models [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] can provide with vivid and valid descriptions for the evolution of hadronic matter. The models deal with known and unknown cross sections for hadron-hadron reactions in the following ways. If experimental data are available, parametrizations fitted to the data are first used. If no measured data exist, cross sections can stem from theoretical calculations, are simply assumed to be constants, are adapted to the Breit-Wigner formula with hypothetical widths, or are obtained from the parametrizations via the detailed balance or via approximate isospin relations. Features of a sort of reactions can be definitely shown by the parametrizations that depend on threshold energies and the center-of-mass energy of the two colliding hadrons. The assumptions of constant cross sections and the approximate isospin relations bring uncertainties to study of the evolution of hadronic matter and predictions on final-state observables.
Time evolution of meson density, for example, φ meson density [15] , can be studied with a rate equation that includes cross sections for scattering of the meson by other hadrons. The number of necessary cross sections is huge if rate equations for many hadrons are established. To avoid complexity caused by a great number of mesonic degrees of freedom in hadronic matter, effective numbers of pions and kaons were introduced to approximately get evolution of pionic matter and kaonic matter [16] [17] [18] . The effective number of pions (kaons) is defined as the number of pions (kaons) plus the sum of other hadrons weighted by their effective pionic (kaonic) content. For instance, a ρ meson counts as two pions and an Ω baryon counts as three kaons. With this consideration rate equations for the effective numbers of pions and kaons were established [16] [17] [18] .
At mid-rapidity the PHENIX Collaboration [19] One also doesn't know how important the scattering induced by the quark interchange is in the evolution of mesonic matter. Indeed, nobody had calculated cross sections for the seven quark-interchange-induced reactions ππ ↔ ρρ for I = 2, KK ↔ K * K * for I = 1,
and πK * ↔ ρK for I = , until we obtained cross sections for these reactions in Ref. [26] in the quark-interchange mechanism [27, 28] . Therefore, we curiously study the role of quark-interchange processes that lead to the seven reactions and other isospin channels in the evolution of mesonic matter in the present work. The study resorts to master rate equations for mesons where reactions of pions, rhos, kaons and vector kaons are taken into account. It will be shown that quark-interchange processes are important in the contribution of the inelastic meson-meson scattering to the evolution of mesonic matter. Therefore, if we include the resonances and the quark-antiquark annihilation processes, the quark-interchange processes should be included on an equal footing.
In the next section the master rate equations for pions, rhos, kaons and vector kaons are established while the inelastic meson-meson scattering due to the resonance, the quarkantiquark annihilation and the quark interchange is considered. In Section 3 parametrizations of cross sections for the quark-interchange-induced reactions are presented. Cross sections for the quark-antiquark annihilation processes and the resonant processes are individually introduced. Numerical results of the master rate equations associated with longitudinal expansion and discussions are given in Section 4. The master rate equations are extended to include 2 ↔ 1 mesonic processes in Section 5 and in the case of both the longitudinal and transverse expansion the importance of the quark-interchange processes is examined in Section 6. Summary is in the last section.
Master rate equations
We establish the notation K = K
+
The cross sections for these reactions are not independent of each other, e.g., σKK
Meson number densities change with time according to the following rate equations,
where
is the four-velocity of the local reference frame comoving at velocity v and with the Lorentz factor γ. n π , n ρ , n K , nK, n K * and nK * are the number
Zero values of the source terms Ψ i mean that the total number of each particle species is conserved. The source terms are given by
The This factor means that the two initial mesons of a species vanish to attain no final mesons of the species or the two final mesons of a species appear from no initial mesons of the species. The first fourteen terms of Ψ π equal the negative of the first fourteen terms of Ψ ρ . The first fourteen terms of Ψ K equal the negative of the first fourteen terms of Ψ K * . The quark-interchange processes are only contained in these terms. Therefore, the quark-interchange processes contribute to the variations of the number densities of π and ρ, or K and K * , in equal magnitudes but opposite signs.
The thermal averaged cross section with the relative velocity of two initial mesons v rel is defined as
where f i (k 1 ) and f j (k 2 ) are the momentum distributions of the two initial mesons with the four-momenta k 1 and k 2 , respectively; σ ij→i ′ j ′ ( √ s) is a cross section that depends on the center-of-mass energy √ s of the two initial mesons. We take the approximate factorization form of the Jüttner distribution with nonequilibrium fugacity λ i of particle
where T is temperature. If two initial mesons are indistinguishable, f i and f j possess the same fugacity and as seen in Eqs. (2)- (5) a factor of 1 2 is in some terms to remove the double counting of initial mesons in the thermal average.
The number density of particle species i is given by
where m i is the mass of particle species i; the spin-isospin degeneracy factor g i = 3 for π, 9 for ρ, 2 for K orK, 6 for K * orK * ; k ′ is the particle momentum in the local comoving reference frame. The derivative ofn i with respect to T is
For symmetric matter
Inserting Eqs. (8) and (10) into Eqs. (2)- (5), we obtain rate equations for fugacities of π, ρ, K and K * of symmetric matter in the longitudinal expansioṅ
where the overdots denote the derivative with respect to the proper time τ .
For the purpose of studying the role of quark-interchange processes, it is enough to only consider the longitudinal expansion of hadronic matter. The relativistic hydrodynamic equation is
where T µν is the energy-momentum tensor given by
where ǫ is energy density and P is pressure. The simple form of T µν above holds for an ideal fluid where viscosity effects have been neglected. The Bjorken's scaling solution of the hydrodynamic equation is [29] dǫ dτ
The energy density is
where ǫ π , ǫ ρ , ǫ K , ǫK, ǫ K * and ǫK * are the energy densities of π, ρ, K,K, K * andK * , respectively. In order to solve Eq. (18), relation of pressure and energy density is needed.
Detailed studies [30] [31] [32] [33] have shown that the relation can be P = 0.15ǫ. Once cross sections for the reactions concerned are known, Eqs. (12)- (15) and (18) determine time
Cross sections for meson-meson reactions
The meson-meson cross sections entailed in the master rate equations in Section 2 are the isospin-averaged cross sections that are obtained by taking the average over the isospin states of the two initial mesons and the sum over the isospin states of the two final
where I 1 and I 2 are the isospins of the two initial mesons, respectively, and σ(I, √ s) is the spin-averaged cross section for the reaction with the total isospin I.
We explicitly decompose the cross section σ(I, √ s) into three parts: the first is σ qi from the quark-interchange process, the second σ anni from the annihilation processes and the third σ res from the resonant processes. Since the momenta and the coordinates of the quark and antiquark constituents of the final mesons in the quark-interchange process
, there is no interference between the quark-interchange process and the annihilation processes and between the quark-interchange process and the resonant processes. No interference of the annihilation processes and the resonant processes is usually assumed. Then the cross section for a reaction is written as
The coefficients c qi , c anni and c res that take values of 0 or 1 are listed in Table 1 . In the following three subsections σ qi , σ anni and σ res are presented. For two isospin channels all the three processes contribute. For most isospin channels only the quark-interchange processes or the annihilation processes contribute. Quark-interchange-induced reactions refer to the channels where only the quark interchange works. The quark-interchange processes include the quark-interchange-induced reactions.
Cross sections for quark-interchange processes
In Ref. [26] we have obtained unpolarized cross sections for some meson-meson nonreso- 
where ǫ = √ s − √ s 0 shows difference from the threshold energy √ s 0 . Values for the parameters σ max , ǫ endo and a for the quark-interchange-induced endothermic reactions given in the introduction are shown in Table 2 .
The right-hand side of Eq. (22) indicates the zero value of cross section at the threshold energy and a fall of cross section at √ s → ∞. ǫ endo is close to the center-of-mass energy at which an endothermic reaction reaches maximum cross section σ max . The power function and the exponential function do leave a curve that is not symmetric with respect to the peak. The peak is in the energy region that is accessible to meson-meson reactions in mesonic matter. Table 2 shows the channels with the highest isospins. Since quark-interchange processes can also take place in low isospin channels as seen in Table 1 , flavor matrix elements f flavor (I) of the quark-interchange processes are listed in Table 3 Table 3 is
The cross section for an exothermic reaction i
obtained from the endothermic reaction ij → i ′ j ′ by the detailed balance
where g i = (2S 1 + 1)(2I 1 + 1)(2S 2 + 1)(2I 2 + 1) and g f = (2S 3 + 1)(2I 3 + 1)(2S 4 + 1)(2I 4 + 1)
denote the spin-isospin degeneracy factors of initial particles with the spins S 1 and S 2 as well as the isospins I 1 and I 2 , and of final particles with the spins S 3 and S 4 as well as the isospins I 3 and I 4 , respectively; P and P ′ denote momenta of an initial meson and a final meson in the center-of-momentum frame of the reaction ij → i ′ j ′ , respectively.
Cross sections for annihilation processes
The isospin-averaged cross section for an annihilation reaction can be parametrized by [37, 38] 
Values of the parameter b and the dimensionless parameter c for the reactions ππ → KK, πρ → KK * (K * K ) and KK → ρρ are given in Table 4 . Since no experimental data are available, we assume that cross sections for other annihilation processes listed in Table   1 possess Eq. (25) with the same parameters b and c as the reaction ππ → KK. The treatment of the annihilation processes is simple.
Cross sections for resonant processes
Cross sections for resonant processes are generally described by the Breit-Wigner for-
where a resonance has its spin J, its energy m R and its full width Γ, and B in and B out are the branching fractions of the resonance decays into the initial state and the final state, respectively. We take account of the resonances f 0 (1370), ρ(1450), f 0 (1500) and ρ 3 (1690)
for ππ ↔ ρρ, K 1 (1270), K 1 (1400), K * (1410), K * 2 (1430), K * (1680) and K * 3 (1780) for πK * ↔ ρK, f 0 (980), φ(1020), f 2 (1270), f 0 (1370), ρ(1450), f 0 (1500), f ′ 2 (1525), ρ 3 (1690), ρ(1700), f 0 (1710), f 2 (1810) and f 4 (2050) for ππ ↔ KK. Since the full widths and the branching fractions for some resonances have not been fixed by measurements [39] , their values we select for the reactions ππ ↔ ρρ, πK * ↔ ρK and ππ ↔ KK are listed in Table   5 .
Results and discussions
In this section we represent and discuss results that are from solving the master rate equations in combination with the hydrodynamic equation (18) simultaneously by numerical integration using a fourth order Runge-Kutta method. The inelastic 2-to-2 scattering in the master rate equations includes the three types of processes: the quark-interchange processes, the annihilation processes and the resonant processes. As a good approximation, we assume that hadronization of quark-gluon plasma at the critical temperature T c = 175 MeV [40] only produces π, ρ, K,K, K * andK * . We assume that the hadronization is finished at τ h = 5.6 fm/c and at the moment mesonic matter has λ π = 0.7, λ ρ = 0.7, λ K = 0.5 and λ K * = 0.2 for the fugacities of π, ρ, K and K * , respectively. We consider mesonic matter at or near mid-rapidity, i.e., u µ ≈ (1, 0, 0, 0), solve Eqs. (12)- (15) and (18), and terminate numerical calculations when mesonic matter reaches the kinetic freeze-out temperature T fz = 105 MeV, which corresponds to a freeze-out time of the order of 30 fm/c.
If the inelastic 2-to-2 scattering is switched off, ie., the source terms are zero, the master rate equations become
which have the solutions
Together with Eq. (8) we have
For massive bosons,n i given by Eq. (9) To show a role of the quark-interchange processes, we define
The larger the absolute values of R i , the more important the quark-interchange processes.
If To quantitatively determine the importance of the quark-interchange processes, we define the average of the absolute value of R i bȳ Table I of Ref. [44] . Using the ratio 0.2 of strange-quark number to up-quark number [45] , that may reproduce the measured ratios K − /π − = 0.15±0.02 and
at midrapidity [46] , we solve master rate equations of quark-gluon plasma given in Ref. [47] to obtain time dependence of fugacities of gluons and quarks. We obtain the time τ h ≈ 5. It is shown in Table 1 that fourteen reaction channels involve the quark-interchange processes, sixteen channels the annihilation processes and three channels the resonant processes. In a reaction where a quark-interchange process occurs, the channel with the highest isospin is only induced by the quark-interchange process and the number 2I + 1 of isospin component in Eq. (20) can enhance the capability of the process in influencing the evolution of mesonic matter.
Results pertinent to 2 ↔ 1 processes
Since we only consider π, ρ, K,K, K * andK * , resonances involved are ρ, K * andK * .
Then we include ππ ↔ ρ, πK ↔ K * and πK ↔K * . Let Γ ρ→ππ , Γ K * →πK and ΓK * →πK be the decay widths of ρ → ππ, K * → πK andK * → πK, respectively. We add the following four expressions
to the source terms Ψ π , Ψ ρ , Ψ K and Ψ K * in Eqs. (2)- (5), respectively, to establish master rate equations with the 2 ↔ 1 mesonic processes. Obtained from the experimental data [48] , the cross section for ππ → ρ is
The cross section for πK → K * or πK →K * can be found in Refs. [3, 4] . From solutions of the master rate equations with the 2 ↔ 1 processes and the hydrodynamic equation (18), we get the average valuesR i at various initial fugacities and list them in the right four columns in Tables 6-8 .
In the tables about 96% of the entries in the right four columns have values larger than 0.5 and 53% larger than 1. Moreover, most ofR i (i = π, ρ, K, K * ) are larger than the corresponding ones derived from the master rate equations without the 2 ↔ 1 processes.
Therefore, while the quark-antiquark annihilation processes and the resonant processes are taken into account, the quark-interchange processes must be included on an equal footing.
Results pertinent to transverse expansion
In the preceding sections we have considered only the longitudinal expansion for 
For matter uniformly distributed,
In terms of fugacities,
Solving the master rate equations with Eq. (35) Tables 6-8 ,R π ,R ρ ,R K andR K * are larger than 1. Therefore, we must use the quark-interchange processes on an equal footing while the annihilation processes and the resonant processes are considered.
Summary
We have established a set of master rate equations that describe time dependence Table 3 : Flavor matrix elements f flavor (I). with the quark-interchange, annihilation and resonant processes (dashed curves) and with only the quark-interchange processes (dotted curves).
